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The concept of an orbital, internal centrifuge has been evaluated as a facility 
for experimentation and research by several successive NASA studies e The objective 
of this activity has been to: 
1. Define a facility for early orbital application which can be used to acquire 
infomation for mission planning and for the design of advanced space 
vehicles. 
2. Evaluate new ways by which man' s existence in the space environment can 
be supported. 
3 .  Provide a concept which will advance general scientific knowledge in experi- 
mental areas that cannot be duplicated on earth. 
In the initial study, NAS1-7309, an internal centrifuge concept was evolved which 
was based mainly on the performance of Vestibular and Cardiovascular experiments 
against a background of progressive test subject exposure to zero-g. This configura- 
tion,shown by Figure 1, was used as a model in an analytic determination of feasibility 
in terms of weight, volume, dynamic stability, power, reliability, safety, technology 
requirements, and cost. Feasibility having been established by this work, a redesign 
was undertaken in contract NAS1-8751 which increased the installation flexibility of 
the machine and expanded its experimentation capability. This was accomplished by 
a passageway through the center of the machine for spacecraft traffic, evolv- 
ing the experiment room concept and packaging experiment equipment for use within 
the room. This concept is also illustrated by Figure 1. The capability of the machine 
was increased at this time to include crew-performance-oriented experiments such as 
walking, bench tasks and personal hygiene. 
In the present study, the scope of experiment work to which the centrifuge may 
be capable has again been expanded, in this case, to include the full range of experi- 
mentation with regard to artificial-g and zero-g information which is of interest to 
NASA in the planning of advanced missions and space vehicle configurations. In 
addition, a broader range of centrifuge implementation has been adopted so that shell 
centrifuges (rotatable, pressurized shells attached to non-rotating spacecraft through 
seal and bearing assemblies) as well as internal centrifuges are represented in com- 
parison with fully-rotatable major spacecraft and free-flying rotatable experiment 
module concepts e 
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tudy Program 
he objective of this study is to provide planning information in the form of 
detailed comparisons'between the use of on-bard, orbital centrifuges and alternative 
methods of acquiring information relative to artificial-g/zero-g questions for advanced 
spacecraft. Cost factors, in particular, are emphasized in these comparisons. This 
planning information, which will contribute to the total infomation upon which NASA 
will base its determinations and judgments for possible future work in manned space 
flight, also includes comparisons in terms of weight, volume, data quantity, data 
relevance, crew time and other factors which affect experiment program decisions. 
Study Approach 
The study is based on two initial definition tasks, one of which defined the Experi- 
ment Performance Options (EPOs) , and the other which identified the experiment 
"groups" o r  list of experiments which are to be performed by use of the EPOs. The 
EPO is defined as a specific vehicle o r  equipment model which is utilized in perform- 
ance of the experiment group. 
Conceptual designs of each EPO were then prepared and subjected to a prelimi- 
nary feasibility analysis, establishing such characteristics as weight, volume , power 
requirements, structural adeqyacy, safety and costs. These factors were used to 
screen the EPOs, determining which were of greatest validity and interest, and the 
leading contenders were entered into the general Information Matrix comparisons. 
The Information Matrices, which are summarized in this volume, compare the EPOs 
in relation to the detail requirements of each experiment. 
Experiment Group 
In the early portions of the study, an attempt was made to establish groups of 
experiments based on relevance to possible future spacecraft information requirements. 
Such experiment groups would then serve to define requirements for  the EPOs. This 
approach became unnecessary when the recommendations of the NASA Artificial Grav- 
ity Experiment Committee (Chaired by Mr. John Hammersmith) became available. The 
experiment group adopted, then, consists of the Artificial Gravity Committee recom- 
mended experiments together with certain other experiments which previous studies 
have disclosed as being "Centrifuge Applicable e '' These experiments were then sub- 
categorized and assigned an alphanumerical designation for use throughout the study. 
Three major categories of experimentation are represented: 
GATEGORY I - MEDICAL/PHYSIOLBGICAL 
CATEGORY II - PERFORMANCE 
CATEGORY LT;I - HABITABILITY 
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1.0 TOLERANCE TO ANGULAR 
VELOCrrY 
1.1 Vestibular & Related Phenomena 
1 a 2 Neurophysiological Functions 
1.3 Higher Mental Functions 
2 .0  TOLERANCE TO RAPID CHANGE 
OF ROTATION 
2.1 Passive Transition 
2.2 Active Transition 
3.0 EFFECT$ OF PARTIAL-G ON 
BODY FUNCTIONS 
3.1 Cardiovascular System 
3.2 Fluid Balance 
3.3 Skeletal 
3.4 Pulmonary Function 
3.5 Renal Function 
4.0 ZERO GRAVITY 
4.1 Agravic Syndrome 
4.2 Physiological Acclimatization 
to Zero-g 
5.0 PHYSIOLOGICAL 
RJXONDITIONING 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
Tolerance to Angular Velocity 
Cardiovascular System 
Fluid Balance 
Skeletal 
Pulmonary Function 
Renal Function 
6.0 SPACE SICKNESS 
4 
1.0 
2 . 0  
3.0 
4.0 
5.0 
6.0 
7.0 
1.1 Minimum-g for Locomotion 
1.2 Maximum Walking Speed 
1.3 Effect of Crew on Station Stab. 
TWNSITION FROM ARTIFICIAL-G 
TO ZERO-G 
2.1 Transition from Rotation to 
Zero-g 
2.2 Transition from Zero-g to 
Rotation 
2.3 Transition from Rotation to 
Zero-g to Counter-rotation 
CARGO HANDLING 
3.1 Max. Weight Change Tolerance 
3.2 Max. Coriolis Tolerance 
3.3 Max. Cross-Coupled Accelera- 
3.4 Max. Combined Effects Toler- 
GROSS MOTOR PERFORMANCE 
tion Tolerance 
ance 
4.1 Verify Ground-Based Time 
Line 
FINE MOTOR PERFORMANCE 
5.1 Performance (M508) 
5.2 Maintenance Assy/Dis-assy. 
TAXIS 
6.1 Coordinated Limb Motion and 
Postural. Equilibrium 
E RADIAL LOCOMOTION 
VOL I 
Gmup Categories 
Y - 
Sub-categubes of experimentation mder each of these main topics were also assipd 
and are identified by Tables I, 2, and 3. 
-Exx>er&merrt P r & m i n a ~  - aedesim of certain experiments in the basic 
Experiment; Group (identi€i& by subscript I) was performed as necessary. Xn a number 
of experiments, changes in the protocol OT sequence 02 operations appeared to provide 
ktter infomation return and these modi€i'ied experiments are idmtiEied by a subsclript 
2. h view of the fact that the NASA Artificial Gravity Experiment Program was modeled 
€os applicatim to large, rotatable space vehicies,redesign was necessary in order to  
adapt the experiments $0 the short-radius machines. In khess csms, $he objmtive of 
the orig'mal experiment was maintained. These redesigned experiments am identi€ied 
by a subscript 3 thmwhuftt the reports. 
5 
E NT PE NC 
Two groups of EPOs were defined and analyzed in the course of the study. The 
first group, covering internal rotating devices, rotatable Skylab, and Space Stations, 
is illustrated by Figure 2 and defined as follows: 
(a) - A simple, rudimentary, low cost rotational device installed in a Skylab. 
EPO (b) - A versatile centrifuge, with maximum experimentation capability, instal- 
led in a Skylab. 
EPO (c) - An orbital research centrifuge characterized by complexity (and cost) 
which is between that of EPOs ' a' and ' b', installed in a Skylab. 
EPO (d) - A version of Skylab which is rotatable about its center of gravity. 
EPO (e) - A rotatable Space Station. (NR Model), 
EPO (e') - A rotatable Space Station with a large counter-rotating volume at the 
center of spin. 
Two combination EPOs are  also treated in the comparisons and are defined as: 
EPO (b+d) - EPO (b) centrifuge, the most versatile centrifuge, installed in a rotatable 
version of Skylab, EPO (d). 
EPO (bt e) - EPO (b) centrifuge, used in conjunction with a rotatable Space Station. 
(Differences between modular o r  integral installation of the centrifuge 
are not specified here.) 
The second group of EPOs considered are the Space-Shuttle-Compatable EPOs , 
those Experiment Performance Options which are capable of being launched as a Shut- 
tle 0 rbiter payload o r  actually employ the Orbiter as part of the EPO . 
Borrowing from earlier experience which emphasized the impracticality of im- 
posing high-g, rapid response requirements on nominally low-g, large inertial eon- 
figurations, EPO approach (f) was reserved as a supplementary o r  dedicated machine 
which could be used in conjunction with other EPOs in supplying experiment capability 
which was difficult to achieve with the primary approach. This EPO, ( f ) ,  was subse- 
quently identified as a seven foot radius, high angular velocity centrifuge which would 
provide supplementary capability for re-entry and grey-out experiments. In addition 
to EPO (f), the EPO models which were evaluated are as illustrated in Figure 3 and 
are described briefly as follows: 
6 VOL I 
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for very little gain in experiment capability. 
(h) - is a boom mounted shell-centrifuge. The model is designed for two-man 
occupancy at radii of 16 ft. and 67 and has a com habitation and 
experiment chamber of 10 ft. dia. eration is lim 1. Og maximum 
due to the large inertia of the machine. Internal space limitations pro- 
hibit the incorporation of EPO (0 for  high-g capability. 
EPO (i) - is an expanded capability version of EPQ (h). Increased operating radii 
of 20 ft. and 67 ft. are possible and volume increase for four-man occu- 
pancy appears reasonable. High-g capability can be added by incorporat- 
ing EPO (f) in this version and special problems of deployment and counter- 
balance appear to be manageable. Good overall experiment capability is 
maintained while preserving the desirable characteristics in subject/obser- 
ver separation, transition, mixed zero-g/artificial-g exposure aad rapid 
response. 
EPO (j) - is a further expansion of the shell-centrifuge concept which was to operate 
without the RSM. This is not a valid assumption under present Shuttle 
ground rules. In addition, the cost vs. experimentation capability of this 
approach did not appear to be favorable so further definition of such a con- 
cept was discontinued. 
EPO (k) - is an artificial-g module attached to the RSM by an extensible tunnel struc- 
ture. Excellent capability, especially for  habitability and performance 
assessment can be predicted and, while active transitions and transfer 
from artificial-g to zero-g cannot be effected, at least transfer from 
relatively high-g to very low-g can be accomplished. High-g in the form 
of EPO (f) incorporation is also possible. A lower cost version of this 
approach, EPO (k9 ) is the same as EPO (k) except that radial extension 
capability has been deleted. 
EPO (1) - features a cable deployed artificial-g module using the shuttle orbiter as 
a countemeight. An alternate version, EP (I1), was also considered 
which deployed a counterweight and used the Shuttle and RSM as the experi- 
ment area. This was shown to be impractical and was dropped from the 
study. 
EPO (m) - is a free-flying cable-plus-co~terweight concept. 
VOL I 
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9 
and description was governed by 
upporting Vehicle Models 
In the case of the Shuttle compatible Ems, the interface of the E 
Shuttle-Orbiter required initial definition. For study purposes, it was assumed that 
all of these EPOs would operate in conjunction with a RAM Service Module (RSM) . 
The characteristics of this vehicle, as well as the Orbiter itself, are illustrated by 
Figure 4. 
Shuttle Orbiter - The interface requirements for the Shuttle orbiter used in the 
study were taken from the Space Shuttle Phase B requirements document for the high 
cross-range vehicle. Vehicle payload weight capability is baselined at 37,350 lb. to a 
200-n. mi., 28.5 deg. inclination orbit for a 30-day mission. Maximum payload dimen- 
sions are 15 ft .  dia. by 60 f t .  length. Mass properties of the Orbiter are assumed as 
follows : 
Mass Properties Fueled Unfueled 
Weight (pounds) 859,000 297,000 
CG Location (inches) X Station 
Z Station 
1,468 1,751 
286 345 
Moment of Inertia (slugs-ft. X I x x  3.165 2.980 
36 e 336 18.969 5Y 
37.216 19.803 Izz 
=xz 2.668 ,618 
Four sets of 1,600 lb. roll control thrustors at 100 in. from the c.g. are  available 
for vehicle spin-up. Spin propellant, however, must be charged to the payload. 
- RSM - The Orbiter Payload must include the RAM Service Module which supplies 
all electrical power, ECLSS and expendables to the artificial-g modules. Electrical 
power is supplied by from 3 to 4 fuel cells, each rated at 6.0 kw. The RSM serves as 
the interface with all payloads, providing a docking tunnel structure of 120 in. dia. 
with 60 in. dia. hatches. Personnel transfer between the Orbiter crew compartment 
10 VOL I 
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e selected for  use 
This EPO is a simple, internal, rotating device designed mainly for the support 
of vestibular experiments. It is intended as a "least cost" model, and is equipped 
with only minimal subsystems to provide up to 1.5 g at 2.8 rad./sec. Accelerations 
are low (0.1 rad/sec2.) requiring only 0.6 H P  for the drive. 
The EPO (a) configuration concept shown in Figure fa ,  employs a system of two 
a m  structures, attached to a rotating hub, that interfaces with the Skylab structure 
through a system of rollers. On one of the arms is mounted an articulating couch of 
the same basic design as that used on the baseline Orbital Research Centrifuge. (Ref. 
NASA CR66830). An adjustment capability is incorporated in the couch a m  structure 
to permit rotation of the couch about its radial axis. This feature provides for 15" 
incremental positioning of a test subject about his Z-axis in support of the coupled 
angular velocity experiments. The couch assembly is also adjustable radially from 
48 inches to 77 inches as measured from the subjects head. Both this adjustment and 
the roll adjustment are manually performed and must be locked into a fixed position 
prior to rotation of the centrifuge. 
Static balancing of the simplified centrifuge is accomplished by a manually 
positioned counterweight which is assembled on the opposing arm structure. Position- 
ing of the counterweight is determined, prior to spinup, on the basis of couch position 
and the mass of the test subject and his equipment. A major portion of the counter- 
weight mass is composed of batteries and power distribution equipment. 
A retractable shroud is also provided on the simplified centrifuge to ensure 
test subject isolation from any visual cues from the surrounding environment. 
Installation - Based on an evaluation of the presently defined Skylab configuration, 
there appears to be no major problems associated with its incorporation into Skylab. 
Three potential installations areas were considered all of which were judged feasible: 
1. On the lower side of the proposed third floor level. 
2. On the upper side of the third floor level. 
1 2  VOL I 
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f these installations, the first is the easiest to implement. This installation 
occupies an open area above the second floor equipment and would be hub mounted to 
a third floor at the center access hole. 
approximately 20 inches, the centrifuge would be almost completely stored outside of 
presently allocated space envelopes. 
the proposed third floor were raised by 
EPO (b), General Description 
This Experiment Performance Option was used as the "baseline" internal centri- 
fuge EPO from which the other internal units were derived. It also served as the 
baseline for cost analysis. 
EPO (b) represents an internal centrifuge with maximum experimentation capa- 
bility. In developing this concept, the QRC configuration developed under Contract 
NAS 1-8751 was upgraded to provide adaptability to the artificial gravity experiments 
defined by the NASA/Hammersmith Study Committee. The primary modification to 
the NAS 1-8751 configuration was to provide a second system of counterweights which 
enables the Test Subject to make transitions from the zero-g environment to the rota- 
tional-g environment while the centrifuge is in motion. Except for the additional 
counterweight system, the general configuration is identical to that shown by Figure 7 
for EPO (c) .  
Additional modifications were also made to mount the main drive system on the 
non-rotating side of the centrifuge and to provide a hub driven generator system on 
the rotating structure to supplement the on-board batteries. This increased capability, 
coupled with habitation equipment (bed-work surfaces - waste collection - etc.) , which 
can be installed in the experiment chamber, will enable prolonged stays in the centri- 
fuge to support Habitability studies. These are shown in Figure 6. 
Provision was also made for an additional experiment package which enables 
passive radial translation of a Subject while the centrifuge is in motion and permits 
vestibular studies with the Subject positioned on the spin axis. 
Installation - The O W  was originally configured for installation in a 260-inch 
diameter, MORL concept, space station. It is therefore easily adaptable to the Skylab 
Station concept. Several installation locations within the Skylab were evaluated, the 
most promising of which is in the forward dome area of the LO2 tank. This installa- 
tion requires that the forward dome area be reconfigured with a tubular truss struc- 
ture which would provide a rigid drive platform for  the centrifuge. A rearrangement 
of the water bottles and some of the experiment storage equipment, which are presently 
associated with the Skylab B third floor installation, would also be required. It was 
assumed that the modification weight of adding the ORC could be partially cancelled 
out by integrating those experiments which are presently planned for Skylab 11, and are 
adaptable to the ORC, into the centrifuge program. If this assumption is valid, the 
centrifuge installation would fall within the available payload margin of Skylab. 
VQL I 14 
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This 
bility - between th 
requirements for  
bility of subject ingress and egress, while the centrifuge is rotating, thus eliminating 
active transition studies e A counterbalance system, with the capability of maintaining 
static and dynamic balance is provided, but high gain and rapid response characteristics 
which characterize the same subsystem in EPO (b) are eliminated. 
is configured to provide an intermediate leve of experimentation capa- 
he machine will meet all of the 
e configuration does not provide 
This centrifuge concept, illustrated by Figure 7, provides an experiment chamber 
48-inches wide by 88-inches long which is compatible with the baseline ORC experiment 
support equipment. The Hub configuration provides an open 42-inch diameter through 
access and two side openings, 32 inches hy 36 inches, into the centrifuge installation 
chamber. 
The counterweight system, which is specifically configured to provide low re- 
sponse static and dynamic balancing of the ORC within the specified operating limits, 
is electrically driven in response to signals generated by a balance sensor network. 
In general, the EPQ (c) centrifuge has the same installation envelope and re- 
quirements as EPO (b), so that the previously mentioned "forward dome" location of 
the unit is equally applicable. 
EPQ (d), Gen ral Description 
EPO (d) is a rotatable version of Skylab, designated as skylab E. This is an up- 
graded version of Skylab A having a mission duration capability of 12 months. Three 
overlapping crew visitation periods of 97 days and one 90 day period a r e  assumed with 
a 30 day period of continuous rotation for artificial-g assessment provided on one of 
the visitation periods (spin up/down propulsion and expendables are provided by the 
CSM so that additional 30 day artificial-g assessments can be made in other visitation 
periods if experiments must be repeated or if an increase in the number of subjects is 
required). In addition to the artificial gravity experiments, an Earth Resources ex- 
periment package and an Apollo Telescope Mount are  part of the configuration. Figure 
8 illustrates the gross assembly. Other details of the configuration and mission are: 
Baseline altitude - 228 n.mi. 
Baseline inclination - 50 degrees 
Crew Size - 3men 
Spin 0 rientation - Z-axis Solar inertial (Spin about the principle Z-axis) 
Service Module provides propellant and system for spin up/down and requires 
two additional propellant storage modules for this purpose. (Total usable pro- 
pellant 4200 lbs @ ). 
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e damping during spin two of the AT 
required) a 
ate gyros and-sun sensor provided for orientation and rate control, 
Beef-up of ATM and Skylab solar arrays for artificial-g rewired. 
Maximum spin-up rate is 84 sec. per  rpm 
Modification must be made for location of sleep compartments and location of 
mobility aids. 
Instrumentation for physiological measurements, LBNP , mass measurement 
and the litter chair are assumed to be part of the basic configuration. 
Equipment for passive radial transfer, habitability studies, and other experi- 
ments must be provided. 
Utilization of the axis of spin for location of a counter-rotated chair o r  chamber 
is assumed impractical due to lack of clearance with side wall and equipment in 
the airlock and to avoid blocking access between the CM and the Skylab proper. 
EFQs (e) and (e'), General Description 
This EPO is a rotatable Space Station concept. The model used in the study is 
the baseline design defined by North Americanhckwell under Contract NAS 9-9953, 
and is illustrated by Figure 9. Factors pertinent to the implementation of artificial-g 
experiment with this EPO are as follows: 
Characteristics - The Space Station extension boom provides a maximum spin 
radius varying between 75 f t  and 125 f t .  Angular velocity levels are limited to 4 rpm 
maximum and g-level is specifically held to a range of 0 .2  g minimum to 1.0 g maxi- 
mum. 
Crew Size - The crew size has been limited to six men during the rotation period 
in order to reduce electrical power requirements. In this way, the solar cells will 
not require full extension and the resulting structural beef-up to allow their full exten- 
sion can be avoided. 
Spin Axis/Counter-rotation - The tunnel clearance at the spin axis is limited to 
a 60-inch diameter in the baseline design. This constraint is imposed by the require- 
ment for packaging volume for solar cells within the shroud envelope. If a nuclear 
power source is substituted for the solar cells, the tunnel diameter may be increased 
to 14 ft. In configuring the counter-rotating chamber, allowance will have to be made 
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for approximately 3-0 inch of radial drift of the spin axis. 
changes in location of men and equipment which may tdke place during the course of 
the experiment and does not include large c.g, shifts due to consumption of expendables 
during the total rotation period. The telescoping boom will have to be provided with a 
vernier adjustment for this purpose. In addition, some degree of roll adjustment may 
also be necessary. 
his will accommodate 
Spin Propulsion - For spin-up/down and attitude maintenance, no special hard- 
ware modifications are contemplated over that required for zero-g operation. Ten 
pound thrustors (used in pairs) are  provided. The propellant is L02/LH2 with a usable 
Isp of 419 sec. 
Propellant Consumption - The propellant requirement is approximately 110 lbs/ 
day with the boom fully extended (I = 157 x lo6) and 50-55 lbs/day for the shortest 
radius configuration (Io = 47.5 x 10 '6  ). The apportionment results in .047 x lo6 lb-sec/ 
day impulse required for orientation and .128 x lo6  lb-sec/rpm for rate change. 
Wobble Damping - Three, double gimbal, 3000 ft-lb-sec. control moment gyros 
a re  available in this configuration. 
EPQ (e) with Enlarged Zero-g Capsule - To increase the capability of the EPO 
toperform experiments at the center of spin of the space station, a configuration with 
a capsule at the spin-center which can house at least two subjects was developed. This 
concept is defined as EPO (e') and is illustrated by Figure 10. This arrangement was 
made to allow active transitions of Test Subjects to be made between the rotating Sta- 
tion and a counter-spun chamber which is at zero-g. In addition, it is an advantage 
to have a larger zero-g volume (considering the Agravic Syndrome experiment) than 
can be achieved with EPO (e), and this was provided in EPO (e'). 
Modifications to the original EPO (e) concept include reducing the number of 
telescoping sections of the boom to four from five, and adding a new fixed-section to 
the boom. The new section of boom contains an enlarged section with the de-spun 
chamber within it. The enlarged section is elongated to accommodate f 18 inch move- 
ment of the chamber. The capsule has a basic cylindrical shape and has semi-spheri- 
cal end bulkheads. The chamber is suspended in the room on one end through a rota- 
tional drive mechanism which in turn is attached to a slide mechanism which permits 
the necessary longitudinal movement. On the opposite end of the chamber from the 
mechanism is an access opening. The chamber is configured so that there is a passage 
space between the chamber and the room allowing access to the solar array mechanism. 
The new boom section is designed to be Shuttle launched and requires an added 
launch with respect to the specified EPQ (e) requirement. 
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(f), Figure 11, is a dedicated ma 
facility for providing a wide range of artific 
the large rotatable ve cles o r  other approaches ( 
mechanism on which high-g, short radius, experiments can be performed. The device 
requires only a clear cylindrical section 14.0 feet in diameter by 3.0 feet long for 
installation. The main utility of the device is in supplementing the experiment capa- 
bility of EPOs (i), (k), and (k') where it can be installed for a weight increase of 750 
pounds and a program cost increment of approximately $15M. 
ne designed to be a part of a combine 
g/zero-g experiments, 
s (i) ~ r ~ g h  (m)) by supplying a 
Operations - This high-g centrifuge is operated only when the parent vehicle, a 
module o r  other large centrifuge, is in a zero-g mode. Prior to operation, three 
structural supports are released to float the centrifuge on the imbalance sensors 
which are attached to the structural support bulkhead and to the centrifuge drive ring. 
These supports are normally locked to structurally attach the centrifuge to a support 
bulkhead. They react launch, entry and other loads imposed on the centrifuge. The 
test subject will enter the centrifuge through a tunnel and a hatch built normal to the 
tunnel. 
Characteristics - The centrifuge is designed for single-subject occupancy in 
sitting o r  reclining positions for periods up to one-half hour. It can be programmed 
for various rates and angular accelerations and includes an active counterbalance sys- 
tem. It provides up to 6.5-g at 52.3 rpm at the floor which is at a fixed radius of 7.0 
feet. The test subject either sits in o r  lies on a couch attached to the floor. 
Installation - The high-g centrifuge is contained entirely between two bulkheads 
spaced 34.0 inches apart. The centrifuge is attached to only one of these bulkheads. 
A 38.0 inch clear tunnel provides passage thru the centrifuge while it is operating. 
The ring which attaches one end of the tunnel to the bulkhead, provides struc- 
tural support for the centrifuge during launch and operation. Three steel "A"-fraqe 
arms are attached to and pivoted from the inside of the bulkhead ring. For launch, 
these arms swing outboard, through the tunnel skin. Spherical sockets on their outer 
ends engage spherical bosses on fittings on the centrifuge beams. A t  all times, except 
during its operation, the EPO (f) centrifuge is supported by these arms. They provide 
the only structural connection to the parent vehicle. 
EPQ (g), General Description 
EPO (g), Figure 12, is a centrifuge mounted within an expandable structure 
which is rigidly attached to the M by a short conical adapter. 
The module geometry can be changed from a cylinder of 14.0 f t .  dia. by 26.0 ft. 
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-ft, dia. sphere. 
ided polygon shape, The walls are flat panels 
ams with foldable gore sec 
at panels assume a barre 
gore panels forming a nearly spherical configuration. The centrifuge is mounted on a 
48.0-in. dia. tunnel attached to the RSM bulkhead at one end and turned at the other end 
90 deg. to terminate on the stationary drive ring assembly. The EPO (b) centrifuge is 
used. A series of simple struts supports the centrifuge and module during launch and 
reentry. Other struts provide rigid support while the centrifuge is in operation. These 
struts help maintain the module geometry in the event of a pressurization failure. 
of two flat sandwich 
RAM Service Module used is a standard module with expendables sized to accom- 
modate a crew of four for 30 days with a 20% margin. 
Technology for the design and fabrication of the foldable structure has been de- 
veloped by the A i r  Force D-21 Expandable Airlock Experiment (Contract F33615-67-C- 
1380) and the NASA-LRC Lunar Shelter (Contract NAS1-4277). Further work has been 
done by Goodyear Aerospace with regard to materials technology advancement (Ref. 
NASA CR-66948). Data from these sources indicates that a four layer composite mate- 
rial construction is a feasible approach for the walls of the experiment module. The 
composite consists of an unstressed inner layer functioning as a pressure bladder, a 
structural layer, a micrometeoroid barrier and an outer cover which provides a smooth 
surface for the application of thermal coatings. 
EPO (h), General Description 
The EPO (h) configuration is termed the "shell centrifuge". It consists of a cen- 
trifuge experiment module attached to the RSM by a rigid tubular structure which serves 
as a passageway between the RSM and the centrifuge module. The rotating portion is 
composed of two concentric shells. The inner shell is attached to the outer shell only 
at the imbalance sensors. The outer shell carries the pressure load and is attached 
to the supporting boom through the main bearing. 
The centrifuge module,shown by Figure 13,is designed for  normal occupancy by 
two crew members and provides equipment and facilities to perform the full range of 
artificial-g/zero-g experiments identified by the AGC . The spin radius is fixed, with 
the habitability floor at approximately 190 in. The configuration provides a range of 
g-level from zero to one-g over an angular velocity range of 0 to 14 rpm. Transfer of 
men and equipment between the centrifuge module and the RSM is possible at all times 
during rotation. Full static and dynamic balancing is provided; however, counter- 
momentum provisions other than the orbiter attitude control do not appear to be neces- 
sary. Critical design areas are the counterbalance system, the hub area (bearing & 
seals), and the launch restraint system which imposes some peculiar requirements on 
the double shell concept. Ax ia l  loads from the inner and outer shell of the rotating 
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rary protection during launch. 
In this EPO, experimentation and living quarters occupy the same area. Fold-up 
bunks, tables and hygiene facility approaches are used. Experiment equipment, such 
as the ergometer, is stored in the ceiling and access tunnel area and can be deployed 
as required. 
Full static and dynamic balancing of the centrifuge is achieved by positioning a 
400-lb. counterweight in response to imbalance signals from a force sensing network. 
The motion envelope of the counterweight is roughly equivalent to the envelope of crew 
activity in the experimentation and habitability areas of the module. Counterbalance 
position is achieved by fully modulating servo drives which translate the counterbalance 
along three orthogonal axes, one radially oriented with respect to the axis of spin and 
the other two canted 45 deg. with respect to a plane of symmetry through the spin axis, 
The 45 deg. rotation of minor translation axis results from structural considerations 
(which indicate that the radial translation track should enter the hub tangentially) and 
the desire to maximize the available motion envelope in the other directions. The 
baseline actuation system consists of high-pressure, hydraulically-operated linear 
actuators connected to the counterbalance traverses by stroke-multiplied steel tapes. 
Four, double-ended rams are employed in the radial traverse and two, dual, double- 
ended units are  employed in each of the minor axis. 
), General Description 
EPO (i), Figure 14, is an expansion of the shell centrifuge concept which has as 
its objective the increase of experiment volume and radius with respect to that provided 
by EPO (h). This is accomplished by: (1) moving the spin axis closer to the mM, (2) 
increasing the diameter of the experiment chamber to the maximum cargo bay envelope, 
and (3) permitting the rotating assembly to be tilted away from the RSM to provide ade- 
quate clearance. This results in an experiment chamber floor radius of approximately 
20 ft. and a chamber diameter of 14 ft .  Storage volume is also significantly increased 
and sufficient space is available for the installation of EPO (f) in this concept. EPO (i) , 
as with the other centrifuge concepts, may be operated in an Orbiter roll mode which 
provides an additional experiment radius of 67 ft, 
To provide this increased capability, some subsystem modifications are required. 
The pressure shell, as an example, requires balancing by an extendable counterweight 
which is deployed after the assembly is tilted away from the RSM. In addition, the 
structure is not symmetrical and may be unbalanced by pressure changes. This indi- 
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cates the need for a pressure-activated balance compensation. he active counter- 
balance system is also compromised because the imbalance /counterbalance excursion 
envelopes no longer match, This can only be corrected by increasing counterweight 
mass, in this case, by a factor of two. In other respects, subsystems technology is 
very much the same as that for EPO (h). The flexible tunnel at the tilt interface in- 
volves no more difficult a problem than that of the RSM deployment tunnel which is 
already under consideration. 
The increased volume of EPO (i) allows the accommodation of up to four experi- 
mentors and balance system capability has been provided for this number. Stores and 
expendables for four men over 30 days have also been included. A s  in the case of 
EPO (h), the living area and experiment area are the same and this common space must 
be reconverted for each application. Four berths (two upper and two lower) are pro- 
vided for sleeping. Chairs, table and desks fold for  storage. The shower and hygiene 
facility illustrated is identical to that developed for Skylab. The space available ap- 
pears to be adequate for this occupancy with the only drawback being some lack of pri- 
vacy. 
The adaptability of this concept to alternate interior arrangements and experi- 
ment (particularly, Bio-Centrifuge experiments) is excellent. This results from the 
concentration of experiment equipment and habitable volume within an integral section 
of the inner shell which can be readily interchanged with shell segments which are 
equipped for other experiment applications. 
EPO (k) and (k'), General Description 
EPO (k), Figure 15, consists of an artificial-g experiment module attached to the 
RSM by an extensible tubular structure which serves as a passageway between the RSM 
and the artificial-g module. 
A f t e r  launch of the shuttle p d  attainment of a stable orbit, the cargo bay doors 
are opened and the RSM (with the artificial-g module attached) is erected and locked in 
position so that the extensible tubular tunnel is normal to the principal roll axis of the 
orbiter. Following checkout, the Orbiter is placed in a slow roll about its principal 
roll inertial axis and extension of the tunnel instigated. Successive sections of the 
tunnel are deployed and locked and the spin rate adjusted after each extension. When 
the desired radius is reached, the configuration is spun-up to the required rpm/g-level 
com binat ion. 
The artificial-g module is designed for normal occupancy by four crew members 
and provides equipment and facilities to p e b o m  the full  range of artificial-g/zero-g 
experiments identified by the AGC. The spin radius is variable in fixed increments 
(tunnel section lengths) from approximately 60 ft.  to 125 ft.  The configuration provides 
a range of g-level from zero to one-g over an angular velocity range of 0 to 6 . 6  rpm. 
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Transfer of men and equipme 
at all times during rotation. ng all radius c ges, it is assumed e experi- 
ment subjects evacuate the module and enter the he module and the extendable 
tunnel is attached throwh a 104%. dia. docking interface to the 
sion, pressure loads and centrifugal force are used to deploy the tunnel segments under 
the control of a reel and tape system. Powered retraction is required. During each 
segment deployment, a bellows system prevents the loss of undue amounts of module 
atmosphere 
etween the artificial-g module and the s possible 
EPO Q') is identical with EP (k) except that the multiple tunnel segments and 
extensions mechanism are deleted. In this case, a rigid, fixed-radius tunnel connects 
the experiment area to the RSM. 
The artificial-g module arrangement provides for two floors, one of which is 
dedicated to normal habitation as well as habitability experiments and the other which 
is strictly experiment oriented. The floors are connected by a 30-in. access hatch. 
Orientation of furnishings in a particular direction with reference to the spin axis is 
not essential as the entire module can be rotated 90 deg. with a boom rotation mechan- 
ism. 
EPO ( e  ), General Description 
EPO ( j ) ,  Figure 16, is composed of an artificial-g experiment module which is 
deployed from the Shuttle Orbiter and RSM by a cable system. The Orbiter and RSM 
act as counterweight in the spinning mode. This approach requires that the experi- 
ment module be completely self sustaining, and for this reason, the use of a modified 
RSM plus a propulsion module as the deployed element has been specified. 
The modified RSM contains a living area, an experiment area and another area 
assigned to subsystems. Both the living and experiment areas are identical to those 
of EPO (k). The subsystem area houses the ECS and EPS for the four-man 30-day 
mission. This area also includes a stabilization and attitude control system which will 
also be necessary if an experiment is aborted and the experiment module separated 
from RSM/orbiter. 
The propulsion module houses the propellant and pressurant tanks and motors 
for spin and wobble control. The motors are 1,600-lb thrust and four are used in the 
spin up. The propellants are LO2 and LH2. 
The abort mode for this configuration presents a major problem since both the 
module and the orbiter will be occupied and cable back-lash in either direction during 
separation could have serious consequences. This condition could be relieved by re- 
versing configuration ( & )  s o  that the experiment module remains connected to the 
Orbiter and the propulsion module plus unmanned ballast is deployed. Such a config- 
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uration, studied as E 
module is at 1,570 ft .  
’ ) can be arranged to rotate at a 50-ft. radius if the 
Configuration ( ) is ~ s a t i s f a c t o  owing reasons: 
The loads at the interface are very high, i. e . ,  295,000 pounds at 1 . 0  g. 
The inertia of the system is extremely high. 
Propellant requirements exceed the payload capability. 
EPO (m) , General Description 
EPO (m), Figure 17, is a free-flying configuration consisting of an artificial-g 
experiment module cable-connected to a propulsion module and a counterweight. The 
free-flying mode of this EPO requires the experiment module to be a self-supporting 
spacecraft with autonomous subsystems. A modified RSM will be used for the artifi- 
cial-g module. A rtificial-g experiments are  performed by placing the configuration 
on station some distance from the shuttle Orbiter, separating the artificial-g module 
from the counterweight and propulsion modules, and spinning up the configuration about 
an axis normal to the longitudinal axes of the modules. Radius changes are  affected by 
controlling the length of the cables. Spinqp o r  down is controlled by the propulsion, 
attitide and stabilization systems on both the experiment and the propulsion modules. 
In order to keep the configuration weight within the Orbiter payload limit, the 
module was sized for a crew of two experimentors and deployment limited to 15 days. 
An alternative approach of reducing the experiment volume in favor of increased mis- 
sion time is also possible. 
The artificial-g module is a modified RSM with a living area, an experiment area 
and another assigned to subsystems. The subsystems include propulsion and stabiliza- 
tion. The propulsion module contains a separate propulsion and attitude control system. 
The counterweight is an inert structure attached to propulsion module and includes the 
passive docking system and extension mechanism. The configuration provides a range 
of g-level from zero to one over an angular velocity range of 0 - 13.5  rpm . It also 
provides a change in experiment floor radius of 16.0 feet to 125 feet. 
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The main characteristics of the EPOs which effect their suitability in perform- 
ing the artificial-g/zero-g experiments are shown in Tables 4 and 5 for comparison. 
These Tables are a condensation of the detailed %formation Matrices of Volumes I1 
and 111." In most instances, the entries are self-explanatory. In others, such as ex- 
periment capability assessments, a great many considerations are compressed into 
a single comment, which may be misinterpreted without some further qualification. 
First of all, EPO (f) is not a general purpose facility and should not be compared 
factor by factor with the other EPOs. Here, single-subject occupancy, low volume, 
and short operating time are advantages. Neither should EPO (a) be judged so harshly 
as may seem indicated here, as its design was dictated by an arbitrary reduction of 
subsystems sensitive to cost rather than being configured to a specific set of experi- 
ment requirements. 
In the area of weight estimates, those shown by Table 4 mainly reflect the 
equipment weights directly concerned with the experiments or, in the case of major 
vehicles, represent the total mass of the vehicle being rotated. The same is true for 
the EPO inertias indicated. For the Shuttle-Compatible EPOs (Table 5), the weight 
estimates provided include the artificial-g modules, the RSM, crew, food, and expen- 
dables for the duration of the mission and contingency factors. Spinup propellant is 
not included and must be considered separately in relation to payload margin. Where 
it is appropriate, the propellant required to spinup to maximum o and return is 
provided. The maximum inertial condition is used in this case. Where rate and g- 
level are given for variable radius EPOs, it is based on the minimum radius which 
the configuration can achieve. In all cases of Shuttle-compatible EPOs, except EPOs 
(f) and (g) , g-levels have been held to "onef1 in establishing the permissible w limit. 
The safety and reliability category is particularly sensitive to misinterpretation. 
Here ,  none of the EPOs should be considered as  lfunsafeff or lfunreliablell and are 
specified as  being equal in this respect. The evaluations pertain to comparative 
problems forseen in achieving this goala This difficulty is reflected in the lower ratings 
which have been assigned to ($) and (m) on the basis of isolation of the experimentors 
from the Orbiter, the difficult abort situation and the complexity of mechanizing an 
independent spacecraft. 
alone, 
Other EPOs have been downgraded on the basis of complexity 
In the experiment capability assessment, ratings have been indicated by the 
following code: E-Excellent; 6-Good; F-Fair; P-Poor; M-Marginal; and U-Unacceptable. 
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In assigning these ratings, the 
Excellent: The EPO clearly provides the full range of conditions specified o r  
lends itself to accomplishing the full objective of the experiment. 
Good : The EPO provides most of the experiment requirements (perhaps 90% 
o r  more) or affords a high probability to the successful attainment of 
the experiment objective . 
Fair: 
Poor: 
The EPO provides the essential environment for performance of the 
experiment but is not an exact fit to the defined requirements. Experi- 
ment Objective Attainment is compromized in either the quality o r  
quantity of information produced, however, a considerable portion 
(better than 50%) of the objective will be accomplished. 
The EPO cannot provide the full  range of environment required by the 
experiment model or introduces artifacts which may reduce the vali- 
dity of the results. Experiment Objective Attainment is reduced in 
quality and quantity (less than 50%). 
Marginal: The EPO has serious limitations in providing the requirements for 
performance of the experiments. Only a small portion (perhaps 10%) 
of the Experiment Objectives will be realized, however, some valid 
and useful information will result. 
Unacceptable: The EPO has serious limitations in providing the required experiment 
conditions or is completely inapplicable. Either none of the experi- 
ment objectives can be realized o r  the validity o r  quality of informa- 
tion produced is open to serious challenge. 
In Table 4, Experiment Capability Assessment, a number of "dual" ratings will 
be noted for EPOs (b) , (c), @+d) and (he). These dual ratings reflect the effect of 
experiment redesign - changes in the baseline experiment protocol - which adapts 
the experiments to performance with the short-radius machines. For example, EPO 
(b)% basic rating of "fair" in catagory I (MEDICAL/ PHYSIOLOGICAL) can be in- 
creased to l'good" if certain legitimate changes a re  made in the experiment procedures. 
The Table 5 EPOs, which have the longer radius "Orbiter Roll Mode" option, do not 
require such adaptive procedural modifications. 
The main problem in the case of EPO (a), resulting in its totally unacceptable 
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g, is the habi ity to achieve the spec ition of the Test S 
s or weeks of rotati In many cases, the Test Subject must be 
the experiment, This cannot be accompl reasonably with E 
(c) are  fairly well adapt 
if the allowable upper li 
to permit achievement of a greater g-level range. Performance and Habitability ex- 
periments (Categorys II & 111) , which are rated "marginal" because of low volume, 
single radial test point and high g-gradients, can also be impro 
redesign. Technology areas, with respect to balance system implementation and per- 
formance, can be investigated with these EPOs and rates a "fair" on this basis in 
Category IV. 
EPOs (a), (e) and (e') show some improvement in Experiment Capability over 
that of the internal rotating devices but not as much as might be expected. In the case 
of EPO (a), this is the result of restridion to a single experimentation radius (33.8 ft) 
limited angular velocity range (5,2 rpm) and the inability to use the center-of-spin for 
cornteerotation (zero-dartificial-g transition). The sequencing of experiments in 
the model is also responsible for the relatively poor ratings due to the artifactual effects 
of pre-habituation. This can be improved somewhat by redesign for both EPOs (d) 
and (e). EPOs (e) and (e'), while representing experiment platforms which are  im- 
proved over the other EPOs in many respects, a re  still short of excellent because of 
angular velocity limits (4 rpm max. ) and disadvantageous experiment sequencing. 
In the overall analysis of this set of EPOs (Table 4) the combined configurations 
appear to offer the best experimentation capability and, with appropriate experiment 
design, offer a great deal of promise in achieving the full objectives of the experiment 
group used as a model for this study. Even so, the Shuttle-compatible EPOs shown 
by Table 5 , appear to have even greater potential for artificial-g/zero-g experimenta- 
tion. 
The Shuttle-compatible EPO Experiment Capability ratings reflect the following: 
For EPO (g), experiment categories I and I1 a re  rated as  fair because of the limited 
space and, in some cases, inappropriate g/o combinations which must be used. In 
providing for high-g, mixed-g, and transition from rotation to zero-g, it is superior 
to many of the other combinations. Habitability on the other hand, is only poorly 
covered because of the limited space, and the subjective nature of the evaluations. 
Technology areas in the form of bearing design and counterbalance experience can be 
evaluated with this EPO and rate a Fair in this case. 
EPOs (h) and (i) are identical in experiment general capability (Subject sample 
size and convenience are not being considered here). They provide the full range of 
g, o , and radius most desirable in the medical/physiological and performance 
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categories and are rated excellent in this respect. Habitability is downgraded due to 
the shorter radius. With resped to technology, the concept is ideal as a testbed for 
mixed artificial-g/zero-g Space Base implementation and is rated excellent here, 
EXPSRIMENT CAPABILITY 
I. MED. /PHYS. 
11. PERFORMANCE 
III. HABITABILITY 
IV. TECHNOLOGY 
EPOs (k) and (k') are  downgraded slightly in Category I on the basis of angular 
rate and transition capability, and in Category 11 on the basis of transition alone. 
Habitability assessments with EPO (k) should be excellent even if full transition to 
zero-g cannot be accomplished without de-spin. Both (k) and (k') offer no opportunity 
to evaluate subsystems o r  technology applicable to operational artificial-g implemen- 
t at ion. 
(f+i) 
E 
E 
G 
E 
EPO Q) is rated Good in Category I as it only lacks some capability for highero. 
Both EPO (l) and (m), however, have problems with transition, radial translation, and 
mixed-g environment provision and are rated Fair in this case. 
(ftk) 
E 
E 
E 
F 
An estimate of growth potential o r  future application of the concepts is also pro- 
vided in the summary. First, in considereing the use of the EPO in direct support of 
advanced research on a future Space Station, only EPOs (b) , (c), (f), (g), (h) and (i) 
apply directly, although (m) might be based at a Station between free-flights. EPOs 
(d), (k), (kf) and (e) appear to be dead-ended in this respect. The second considera- 
tion, that of biocentrifuge application appears to favor EPOs (h) and (i). 
(f+kf) 
E 
E 
G 
F 
A s  in the case of the EPOs of Table 4, the combined EPOs (which a re  not shown 
in the comparison chart) offer the best overall Experimentation capability. These a re  
identified as EPOs (f+ i) , (f+k) , f+ k') and (f+ m) . A l l  of these would make superior 
experimentation platforms as shown below: 
I 
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ally, growth p o s s i b i l i ~ ~ e ~  must
such application i 
spect to the pr   ment tat ion^ For an operational element 
however, some positive di~tinctions m e. EPOs (a), (e), (k), (k'), (1) and 
(m) are operationally incompatable wi ase concepts for artificial-g while 
EPQs (h) and (i) are strong possibilities if long-radius, fairly high-g environments 
are demanded, and seal, bearing and other problems are not excessive. The internal, 
short-radius, rotating crew compartment is also a possibility if very low-g require- 
ments prove to be adequate and desirable. 
For interplanetary operational application of these concepts, the picture is 
highly speculative and completely dependent on future experimental evaluation. A t  
this time, all of the concepts could possibly have some operational application. Suff- 
icient to say, if relatively high levels of artificial-g are shown to be required for 
manned interplanetary flight , then total vehicle rotation will be the favored concept. 
If low-g levels prove to be adequate, then the internal rotating compartment will 
receive favor; and if zero-g is completely practical for normal operations, then only 
a small, short radius, internal centrifuge need be considered. 
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These documents are the final study report prepared under Contract NAS 1-9904, 
“A Study of Orbital Centrifuge Experiment Performance Options and Cost. ’’ The study 
was performed by Convair Aerospace division of General Dynamics for the Langley 
Research Center, National Aeronauticrs and Space Administration, Hampton, Virginia. 
The study assembles comparative information with regard to a comprehensive 
group of artificial-gravity/zero-gravity experiments and the vehicles o r  systems which 
may be employed in their performance. The Experiment Performance Options (EP0s)- 
ranging from simple, internal, rotating devices to rotatable major vehicles - are con- 
ceptually designed and analyzed to establish their operating characteristics. Experi- 
ments are defined in detail and evaluated in conjunction with the EPOs to determine how 
well the objectives of each experiment are met. Study results are assembled in an 
Information Matrix for convenient comparison of all pertinent EPO characteristics. 
The full report, GDC-DCF70-004, is presented in three volumes: 
Volume I, NASA CR-111937, Summary 
Volume 11, NASA CR-111938, Centrifuge/Skylab/Space Station EPOs 
Volume III, NASA CR-111939, Space Shuttle Compatible EPOs 
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